BACKGROUND Electromechanical wave imaging (EWI) is an entirely noninvasive, ultrasound-based imaging method capable of mapping the electromechanical activation sequence of the ventricles in vivo. Given the broad accessibility of ultrasound scanners in the clinic, the application of EWI could constitute a flexible surrogate for the 3-dimensional electrical activation.
Introduction
Disturbances in the electrical activation of the heart constitute a major cause of death and disability, affecting millions of people worldwide. However, no imaging method is currently capable of mapping the three-dimensional (3D) electrical activation sequence in the heart for clinical use. Currently available clinical methods are all catheter based, and are thus limited to mapping the endocardial or epicardial activation sequence; they are also time consuming and costly. Newly developed electrocardiographic imaging methods based on high-density body surface potential maps hold high promise for reconstruction of the 3D activation sequence in the heart 1, 2 and have demonstrated clinical relevance. 3, 4 However, these methods rely on either ionizing exposure, i.e., 3D computed tomography, or magnetic resonance imaging (MRI), which can be contraindicated for patients with pacemakers or stents. Even in a laboratory setting, mapping the 3D electrical activation sequence of the heart can be a daunting task. 5 Studies of transmural electrical activation usually require usage of a large number of plunge electrodes to attain sufficient resolution, 6 -8 or are applied to small regions of interest in vivo, 9 or to small animals, e.g., the rabbit. 2 Optical imaging methods can map the activation sequence of ex vivo tissue on the endocardial and epicardial surfaces 10 -12 and transmurally. [13] [14] [15] [16] Recently, we have developed a novel imaging technique termed electromechanical wave imaging (EWI), which is an entirely noninvasive, nonionizing, ultrasound-based imaging method capable of mapping along various echocardiographic planes in vivo 17 the electromechanical activation sequence, i.e., the sequence of first instants at which the muscle transitions from a relaxation to a contraction state following the electrical activation of the heart. Spatially, this electromechanical activation forms a wavefront, i.e., the electromechanical wave (EW), that follows a propagation pattern similar to the electrical activation sequence. EWI maps the EW with high accuracy by using a frame rate up to 7 times higher than that of standard echocardiography. In its essence, EWI uses cross-correlation of the radiofrequency (RF) signals to estimate the minute, electromechanically induced, interframe axial strains at an accuracy and spatial resolution never achieved before in a full view of the heart within a 2-to 3-millisecond-long time interval. Using these interframe axial strains, the timings at which a region in the heart transitions from a relaxing to a contracting state of the heart can be mapped.
EWI has previously been performed in mice, 18 dogs, 19 and humans. 20 These reports have demonstrated correlation of the EW with the pacing protocol and the conduction velocity of the electrical wave, 18 and have shown that EWI can be used to determine the location of the pacing site 21 and map the presence of ischemic regions. 17 Because the only required equipment to perform EWI is a clinical ultrasound scanner, 20 the application of EWI as a surrogate for the 3D electrical activation in the ventricles can be flexible and broad, at the doctor's office or point of care, to identify patients at risk, inform caregivers, or plan, monitor, and assist with follow-up of therapeutic interventions such as cardiac resynchronization therapy and ablation. However, to exploit the full potential of EWI in the clinic, it is of paramount importance that the degree to which EWI adequately represents the pattern of 3D electrical activation in the ventricles is explicitly determined.
To perform such an evaluation, the propagation of the EW needs to be compared with the 3D electrical activation in the ventricles, preferably in a large animal heart, such as the canine one. However, currently available experimental methods do not allow for simultaneous mapping of both the EW and the 3D (and in particular, the transmural) electrical activation sequence. Indeed, the spatial resolution of plunge needle recordings is insufficient for the adequate comparison with the EW sequence; moreover, because the strains associated with the EW are minute, 17 the insertion of needle electrodes is likely to significantly alter the normal EW.
Because of the limitations in current experimental techniques for mapping the 3D electrical activation sequence with high spatiotemporal resolution, an anatomically realistic modeling approach to cardiac function appears to be an attractive alternative in providing the 3D electrical activation sequence in the ventricles. We developed a high-resolution dynamic model of coupled cardiac electromechanics in the rabbit heart 22 and used it to ascertain the mechanisms of spontaneously induced arrhythmias in acute regional ischemia. 23 The model was recently extended to the canine heart, where the geometry and structure of the canine heart was reconstructed from MRI and diffusion tensor magnetic resonance (DTMR) imaging scans. 24 In this study, we use this novel electromechanics model of the canine heart for the first time and apply it, after optimizing it, to fully assess the utility of EWI in mapping the electrical activation sequence in the canine ventricles.
To achieve this goal, we simulate the EW in the model of the normal canine ventricles and compare the results to the in vivo experimental EW in the canine. Once the match between simulated and experimental EWs is obtained and the predictive capabilities of the canine electromechanics model are established, the EW is compared with the electrical activation sequence obtained from the model, providing the desired relationship between the EW and the 3D electrical activation maps in the canine ventricles, thus assessing the utility of EWI in mapping the electrical activation.
Methods

Experimental protocol
In this study, approved by the Institutional Animal Care and Use Committee of Columbia University, 1 male mongrel dog of 28 kg in weight was anesthetized with an intravenous injection of thiopental (10 to 17 mg/kg). The animal was mechanically ventilated with a rate-and volume-regulated ventilator on a mixture of oxygen and titrated isoflurane (0.5% to 5.0%). Morphine (0.15 mg/kg, epidural) was administered before surgery, and lidocaine (50 micrograms/ kg/h, intravenous) was used during the procedure. To maintain blood volume, 0.9% saline solution was administered intravenously at 5 ml/kg/h. Solid-state pressure transducer catheters (Millar Instruments, Houston, Texas) were inserted into the left-ventricular (LV) cavity via the right carotid artery and the aorta. The chest was opened by lateral thoracotomy using electrocautery. After removal of the pericardium, 3 crystals of 2 mm in diameter combined with bipolar pacing electrodes were sutured onto the epicardium at the following locations: (1) basal region of the lateral wall (LVb), (2) LV apex (LVa) and (3) right ventricular (RV) apex (RVa), and used to pace the ventricles.
Electromechanical wave imaging
An Ultrasonix RP (Ultrasonix Medical Corp., Burnaby, BC, Canada) system with a 3.3-MHz phased array was used to acquire RF frames at 370 frames/s using an automated composite technique 20 ( Figure 1A ). Briefly, this method involves increasing the frame rate by dividing the image into partially overlapping sectors corresponding to separate cardiac cycles. The probe was attached to a stabilizer (Medtronic Corp., Minneapolis, MN), and the respirator was interrupted for 6 to 20 seconds during ultrasound ac-quisition. The axial interframe displacements were obtained with an RF-based cross-correlation method (window size: 4.6 mm, 80% overlap), and the full-view image was then reconstructed using the motion-matching technique. 17 Briefly, this method does not rely on the electrocardiogram and consists of comparing the interframe displacements measured in the overlapping region of 2 sectors to synchronize each set of neighboring sectors, allowing the reconstruction of the full view of the heart, i.e., the EWI ciné-loop ( Figure 1B) .
The axial interframe strains were mapped in Eulerian coordinates, estimated using a least-squares estimator 25 (kernel of 6.75 mm) and overlaid onto the B-mode ultrasound images. The myocardium was segmented using an automated contour tracking technique. 26 To generate the isochrones, zero-crossing points were identified in 3 regions where the ultrasound beam was best aligned with either the radial or the longitudinal direction of the lateral, septal, and RV walls. Time delays between these regions and the nearest neighboring pixels were then obtained via normalized crosscorrelation. The procedure was repeated using these neighboring pixels until the time of electromechanical activation was mapped throughout the entire echocardiographic view.
Electromechanical model of the canine ventricles
The 3D electromechanical model of the canine ventricles has been described previously. 24 Briefly, the electromechanical model of the normal canine heart was composed of 2 main components, an electrical component and a mechanics component ( Figure 1D ). The components represented 2 coupled finite-element models, both based on canine ventricular geometry and structure reconstructed from ex vivo cardiac magnetic resonance (MR) and DTMR imaging datasets. Both the electrical and the mechanical component were biophysically detailed, incorporating canine-specific ionic and myofilament models, as described in our previous publication. 24 The mechanical and electrical components were coupled weakly to minimize computations. Finally, the electromechanical model was coupled to a model of the circulatory system representing the systemic and pulmonary circulations. 24 For the present application of the canine electromechanics model, the circulatory system model was modified to simulate backward flow from the LV to the atrium in the normal canine heart 27 by delaying mitral valve closing for 100 ms after the pacing stimuli and by increasing the mitral valve resistance by a factor of 30. The computational mesh for the electrical component of the model consisted of linear mixed-type finite elements (1,637,744 elements and approximately 1 million nodes). The mechanics mesh was composed of nonlinear, hexahedral, Hermite-based finite elements (566 elements and 1,060 nodes). The generation of active stress in the myocyte was represented by active tension in the fiber and transverse to the fiber directions, calculated from the model of the cardiac myofilament. Additional details can be found in the Supplementary Data section.
Comparing the experimental EW with that in the canine electromechanics model
Consistent with the goal of this study, we compared the EW in experiment and simulation. To generate the model EW, the interframe axial strains resulting from an activation elicited from the same pacing site as in the experiment were calculated. For this purpose, the output of the mechanics component of the canine electromechanical model, i.e., the nodes' position, was used to obtain maps of cumulative strain over time. The simulated interframe strains and EWI ciné-loop ( Figure 1E ) were obtained by computing the temporal derivatives of the cumulative strains. Simulated EWI isochrones were obtained in the same fashion as the experimental ones ( Figure 1F ). Because the simulations were based on a different canine heart than the one used in experiments, direct, pixel-to-pixel comparisons could not be performed. Instead, the fraction of the echocardiographic view of the ventricles, through which the EW had propagated, was plotted as a function of time. These fractions, as obtained from experiment and simulation, were then compared directly for the 3 pacing schemes.
Results
Figures 2A and 2B depict the experimental and simulated EW maps during pacing from the basal region of the lateral wall. Blue and red indicate local compression and expansion of the tissue, respectively, in the direction of the ultrasound beam ( Figure 1A ). In the view presented here, activation results in expansion (red) throughout the ventricles with the exception of the apical region, which undergoes local compression (blue). 17 In both experiments and simulations, the EW emerged from the basal region of the lateral wall (Figures 2A and 2B) . The EW then propagated toward the apex, the septum, and the RV wall. Figure 2C shows representative curves of the interframe strains over time in the lateral and septal walls during LVb pacing for both experiments and simulations. Although simulated and experimental curves are not identical, they show qualitatively similar trends. More specifically, the interframe strains are negative and slowly varying before a sudden increase amounting to a few tenths of a percent. Figures 2D and 2E present the EW in experiments and simulations for pacing from the LV apex. In both experiments and simulations, the EW originated at the apex and propagated toward the base in the 3 walls. Figure 2F shows a comparison between simulated and experimental interframe strains over time at one location in the lateral wall and in the septum. In both simulations and experiments, slowly varying negative interframe strains are observed before a steep increase up to a maximum value of approximately 0.1%. After reaching maximum, the interframe strains decrease while remaining positive. Figures  2G and 2H show the comparison between experimental and simulation EW when pacing from the RV apex. In this case ( Figures 2G and 2H) , the EW emerged from the RV apex and propagated toward the base and the lateral wall. Figure  2I shows a comparison between simulated and experimental interframe strains. In both simulations and experiments, slowly varying negative interframe strains are observed, followed by a sudden increase. The interframe strains then reach maximum at approximately 0.1%, followed by a decrease to approximately 0.025%. Figure 3 shows the isochrones of electromechanical activation in experiments, of electromechanical activation in simulations, and of electrical activation in simulations during the 3 pacing schemes. To further quantify the agreement between simulations and experiments, the isochronal representation of the EW was used to calculate, and then plot as a function of time, the electromechanically activated myocardial fraction in the echocardiographic view ( Figure 4A ). The time delay between simulations and experiments for a given fraction and a given pacing scheme was then computed. For LVb, LVa, and RVa pacing, these time delays were on average (Ϯ standard deviation): 5.0 Ϯ 4.3 ms, Ϫ2.5 Ϯ 4.2 ms, and Ϫ4.9 Ϯ 4.5 ms, respectively. To quantify the correlation between experiments and simulations, one can also plot the simulated against the experimental fractions ( Figure 4B ). In such a graph, an ideal experimental reproduction would result in a slope of 1 (gray line). For LVb, LVa, and RVa pacing, the regression slopes obtained through least-squares fitting were 1.17 (R 2 ϭ 0.98), 0.86 (R 2 ϭ 0.99), and 0.89 (R 2 ϭ 0.99), respectively.
These results indicate that the electromechanics model can reproduce the behavior of the EW during different pacing protocols. Simulations were then conducted to quantify the precision with which EWI can map electrical activation. Figure 5 shows the correlation between the simulated electrical and simulated electromechanical activations during the 3 pacing protocols and for the 2 different imaging angles commonly used clinically: parasternal ( Figure 5A ) and apical ( Figure 5B) views. In all 6 cases, a linear relationship was obtained, with slopes ranging between 1.01 and 1.17 (0.85 Ͻ R 2 Ͻ 0.97) and an effective electromechanical delay, corresponding to the intercept, varying between 20.08 and 25.22 ms. Moreover, the distance between the location of the earliest electromechanical activation site and the location of the earliest electrical activation site was computed for each pacing scheme and both views. A precision of 4.9 Ϯ 3.3 mm in the earliest electrical activation site localization was found.
Discussion
The EW is a direct, tissue-level result of the cardiac excitation-contraction coupling: the depolarization of a myocyte is followed by contraction after the electromechanical delay. EWI characterizes the electromechanical activation of myofibers by mapping the interframe axial strains. In this study, a realistic canine cardiac electromechanics model was used to reproduce the experimentally obtained EW from 3 different pacing sites to better understand the relationship between EW and the electrical activation sequence in the ventricles. Current experimental methods do not allow mapping of both the transmural electrical activation sequence and the EW simultaneously at high spatial resolution. Because the strains associated with the EW are minute, any insertion of plunge needles to map the activation sequence would inadvertently alter the normal EW. Therefore, a unique and important avenue available for comparing the EW with the electrical activation sequence is using realistic electromechanical simulations. This methodology establishes a framework that can be used to further evaluate the clinical potential of EWI as a useful tool for the diagnosis as well as treatment planning and assessment of cardiac rhythm dysfunction.
The simulation model was capable of reproducing the realistic EW characteristics observed in the canine experiments, such as spatial propagation (Figure 2 ), temporal shape (Figure 2 ), isochrones (Figure 3) , and activated fraction of the ventricles (Figure 4) . Because different hearts were used in simulations and experiments, a perfect reproduction of the EW observed in experiments was not expected. Even under such imperfect conditions, a good match was achieved: a regression slope varying between 0.86 and 1.17 (R 2 Ͼ 0.98) was found between experimental and simulated electromechanically activated myocardial fractions. The model of EW was then used to quantify the relationship between the electrical activation and the EW sequence in the normal canine heart. These were in excellent agreement for all pacing protocols and for 2 different imaging angles. The relationship between the electrical activation and the EW onset was found to be linear with a slope of 1.01 to 1.17 and with an intercept of 20.08 to 25.22 ms. These results are in agreement with published results, although the methods and the strain tensor components used were different: Badke et al 28 22 which used a different definition of the electromechanical activation (based on the fiber strain) and did not include the backward flow, i.e., flow from the LV to the left atrium. The linear relationship indicates a 1-to-1 correspondence between the electrical activation sequences and the EW. A slope higher than 1 indicates that the delay between the local electrical activation and the local onset of mechanical contraction increased over time (i.e., with increasing distance away from the pacing site). In other words, EWI provided an accurate representation of the electrical activation sequence but shifted in time. Although the relationship between the electrical and electromechanical activations remained linear with high correlation coefficients for all pacing schemes, EWI during LVa and RVa pacing followed more closely the electrical activation sequence than during LVb pacing. Similarly, although both apical and parasternal views provided high correlation coefficients, the parasternal view systematically provided a higher correlation coefficient between the electrical and electromechanical activations during the 3 different pacing schemes. These results indicate that EWI could be used for mapping of electrical activation in normal hearts with different imaging angles and for different pacing protocols. Finally, EWI was also found capable of identifying the region of earliest electrical activation with an accuracy of approximately 5 mm.
Because the interframe deformations estimated and mapped in EWI are minute (Ͻ0.25% at 370 frames/s) and their propagation is fast (0.5 to 2 m/s), they are not detected with existing imaging modalities in the clinic, such as standard echocardiography or MRI. Currently, no imaging modality other than EWI can capture the electromechanics of both ventricles with an accuracy up to 10 times higher than commercial B-mode speckle-tracking algorithms and at frame rates reaching 370 to 500 frames/s, i.e., imaging at 2-to 2.7-ms intervals. 20 By comparison, MRI tagging typically provides images every 50 ms, although novel approaches based on electrocardiogram gating over 128 heartbeats have been able to reach a resolution of 8 ms. 30 The present study provided the proof-of-concept for the utility of EWI in mapping noninvasively the 3D electrical activation in the heart. This study focused on the electromechanical behavior of a normal, paced heart. In the presence of disease, the electromechanical coupling could be affected and thus could alter the capability of EWI to map the electrical activation sequence. However, because EWI is a direct method, the displacements and strains measured during the QRS complex remain accurate in regions of remodeling and can be used to identify the extent of the problem, e.g., ischemia. 17 Moreover, the RF signals acquired at very high frame rates for EWI can also be used to map standard measures at higher accuracy such as cumulative systolic strains, which can also be used to identify or confirm the presence of ischemic or infarcted regions. 31 This study presents the first application of the new MRIbased electromechanical model of the canine ventricles. 24 Previous ventricular electromechanical models [32] [33] [34] incorporated ventricular geometries and fiber architecture that were obtained from histological sections; this labor-intensive procedure resulted in the development of only 3 histology-based anatomical models. In contrast, obtaining MR and DTMR scans of an ex vivo heart is a relatively fast procedure. When it is combined with our new semiautomatic procedure for model construction, 24 generating a whole-heart electromechanical model becomes a highthroughput process, providing the capability to assemble electromechanical models for any species under normal or pathological conditions. The electromechanics model also incorporates a new approach to the generation of finiteelement mechanics meshes and the use of tensors to describe ventricular fiber and laminar sheet architecture, as well as detailed biophysical representations of both electrical and mechanical cellular activity. This approach thus provides a biophysically based, highly detailed modeling framework that can be used to successfully address issues related to both disturbances in heart rhythm and the efficacy of the cardiac pump.
Implications of the study
In this study, the EW was reproduced accurately with the realistic cardiac electromechanics model, indicating that the model framework is capable of faithfully representing the physiology of cardiac electromechanics and that it could thus be used to test new hypotheses. Furthermore, a strongly correlated linear relationship was found between the electrical activation sequence and the EW onset in the normal heart, ascertaining the potential of EWI to map noninvasively the electrical activation sequence of the heart in vivo. These achievements could potentially lead to the establishment of a new, noninvasive, nonionizing, at-the-point-ofcare imaging modality capable of assisting early detection and diagnosis of rhythm disturbances, which could help to better plan, monitor, and follow up the treatment of a wide range of arrhythmias. 
